Vortex enhancement mechanism in 4:1 planar contraction flow of a viscoelastic fluid has been investigated, where the Oldroyd-B model was considered as a constitutive equation. Finite element method was used based on the fractional step method for time marching and DEVSS/DG as a stabilizing scheme. The prediction of vortex dynamics agreed well with the experimental results. At first, a lip vortex was generated at the reentrant corner at low Weissenberg number (We). As We increases, the size of the salient corner vortex becomes reduced, while the lip vortex becomes more pronounced and finally takes over the corner vortex. The trajectory of a lip vortex at high We was found to follow the steady state positions of the lip vortex at lower We, which means that the fluid has a memory and there exists a simple relationship between We and time. Accordingly, a simple universal behavior was found to dominate the vortex enhancement mechanism in the 4:1 planar contraction flow of the Oldroyd-B fluid.
INTRODUCTION
Contraction flow of a viscoelastic fluid occurs in many industrial applications, and has been studied for many years. is to split the governing equations into elliptic saddle point problems for velocity and pressure fields, and the hyperbolic equations for extra stresses. Explicitly elliptic momentum equation (EEME) 1) , elastic viscous stress splitting (EVSS) 2) , discrete elastic viscous stress splitting (DEVSS) 3) and its modification (DEVSS-G) 4) are the examples of this stream, all of which are to stabilize the solution at high Weissenberg number by separating the elliptic and hyperbolic equations.
The other stream is to reinforce the elliptic terms in the governing equations by adding artificial diffusion to reduce the contribution from the convective terms that deteriorate the stability. Streamline upwind/Petrov Galerkin (SUPG) 5) , streamlined upwind (SU) 6) and discontinuous Galerkin (DG) 7) are the examples of the second stream. With the help of these techniques, it now becomes possible to solve high Weissenberg number problem though not yet perfect.
In this paper, 4:1 planar contraction flow of the Oldroyd-B fluid has been investigated. Time-dependent problem was solved using the finite element method. DEVSS-G/DG was used to stabilize the solution and the fractional step method was modified to solve the transient viscoelastic fluid flow. We. It will be named as time-We superposition. As all these observations are the evidence of a memory effect of the viscoelastic fluid, the origin of the memory effect will be discussed in terms of a kinetic theory which defines the constitutive equation. In the next section, simulation method will be briefly introduced. Then, simulation results on lip vortex enhancement will be provided, and our observation on the relationship between time and We will be provided followed by discussion.
NUMERICAL METHOD
The flow domain is shown in Fig. 1 where p is the pressure, τ p is the extra stress tensor, β = n s / n which represents the ratio of the solvent viscosity ( η s ) and the solution viscosity ( η ) was set to 1/9, u is the velocity vector, and τ ∇ p is the upper-convected derivative of the stress tensor τ p .
To stabilize the solution, DG was incorporated as following.
where <A,B> denotes ABdΩ on Ω domain, n is a normal vector which has outward direction at the boundary of finite elements, and φ is the shape function.
takes the upstream additional stress value in the region of u⋅n<0.
We adopted the fully implicit fractional step method 10) , and carried out finite element formulation as following.
After calculating above steps, velocity gradient tensor G was projected.
Then, the solution procedure becomes as follows. First, the extra stress of the next step is calculated by solving Eq. (5).
The 2nd order Adams-Bashforth method is employed for the extra stress and the solution is obtained element by element, 
(5)
which can be realized by the discontinuous Galerkin formulation. Then, the intermediate velocity is solved with p being replaced by p n : this procedure is achieved by solving Eq. (6-1). However, the predicted velocity field does not satisfy the continuity so that it needs to be corrected. This is achieved by solving Eq. (6-3). Finally, the velocity gradient tensor is updated by Eq. (7). These procedures accomplish one time-step and continue until the steady solution is obtained.
In Fig. 1 , no slip boundary condition was given at the solid wall, traction free boundary conditions were given at symmetry line as well as at downstream, a constant flow field as the parabolic profile was given at the inlet, and a pressure was specified as a reference value at the outlet. Initially, the velocity and extra stress fields were assumed to be quiescent in the flow domain.
As shown in Fig. 2 , three different meshes were used in this work. More elements were concentrated near the singular point. The detailed information of meshes is given in Table I .
Time increment was O(10 −3 ) and the relative tolerance was less than O(10
).
RESULTS AND DISCUSSION

Lip Vortex Enhancement
The converged solution could be obtained up to We=9 with M1 mesh. The streamlines are shown in Fig. 3 . The lip vortex enhancement could be clearly observed as We increases. At
We=1, a small lip vortex appeared at the reentrant corner. As
We increases, the size of the salient corner vortex becomes 
Time-We Superposition
The lip vortex enhancement was also reproduced in the transient simulation as shown in Fig. 5 . A small lip vortex was generated near the reentrant corner, grows and takes over the salient corner vortex as time goes on, in exactly the same manner as we observed in Fig. 3 . The transient vortex patterns principle that governs the flow behavior even though the flow field looks very complex.
Discussion
From the viewpoint of a kinetic theory, the Oldroyd-B model pictures the dynamics of an infinitely dilute dumbbell immersed in a Newtonian medium. 
